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O besity is a major global health problem that increases morbidity (1) , mortality (2) , and has a significant detrimental impact on healthcare budgets (3) . In 2016, 39% of adults and 13% of children worldwide were obese, and more people died as a consequence of obesity than undernutrition (4) . Bariatric surgery is the most effective treatment for obesity, but it is not universally available or acceptable to patients, and postprocedure complications limit its use (5) . Lifestyle modifications are difficult to maintain outside research settings with extended care required for weight loss maintenance (6) . Therefore, medications remain the mainstay of obesity management. An emerging class of antiobesity medication is peptide YY (PYY) analogs, with over 20 patents for this new class of medication listed on the European Patent Register (7) .
Physiologically, PYY is predominantly produced by intestinal L cells in response to nutrient ingestion. Resulting rapid elevations in circulating postprandial PYY levels are directly proportional to the size of the ingested meal (8, 9) . PYY has a powerful anorectic effect via activation of central Y2 receptors (10) with central and peripheral administration of PYY dose-dependently reducing food intake by up to 25% in rodents (10) . In normal weight, overweight, and obese people, administration of PYY potently suppresses appetite and reduces food intake (by ~30%) (10, 11) .
Furthermore, there is evidence that PYY may have other effects in addition to weight loss, which are imperative to decipher given the ongoing development of PYY analogs as antiobesity therapies. PYY stimulates the release of luteinizing hormone (LH) and follicle-stimulating hormone (FSH) from isolated prepubertal rat pituitaries (12) . Additionally, PYY administration increases LH and FSH levels in adult male rats, an effect that is potentiated by fasting (13) . Secondary hypogonadism occurs in up to 40% of obese men, which is associated with higher body weight and increased insulin resistance (14) . Therefore, the anorectic effects of PYY, and the potential to stimulate reproductive hormone release, would be advantageous in the treatment of obesity with coexisting hypogonadism.
As there are no reports of the effects of PYY on the reproductive system in humans, we undertook a randomized single-blinded placebo-controlled crossover study to determine the effects of PYY administration on reproductive hormone release in healthy men. Fertility is dependent on absolute reproductive hormone levels as well as LH pulsatility (15) . Therefore, we sought to determine the effect of PYY administration on several key parameters of LH secretion, as well as circulating FSH and testosterone levels.
Materials and Methods

Study participants
This study was approved by the West London Research Ethics Committee (16/LO/0391) and performed in accordance with the Declaration of Helsinki. Healthy eugonadal men (aged 18-40 years) were recruited via online and print advertisements. Written informed consent was obtained from each participant prior to study enrolment. Exclusion criteria included: body mass index (BMI) <18.5 or >25 kg/m 2 , history of medical and psychological conditions, use of prescription, recreational or investigational drugs within the preceding 2 months, blood donation within 3 months of study participation, ingestion or inhalation of nicotine-containing substances within 3 months, alcoholism, and history of cancer.
Study visits
Each participant attended 2 study visits, 1 for PYY administration and 1 for vehicle administration. Infusion order was randomized and participants were blinded to the infusion identity. PYY infusions were prepared by dissolving PYY (Bachem, UK) in 1 ml of 0.9% NaCl (Braun, UK) and adding the PYY solution to 49 ml of Gelofusine (Braun, UK). PYY was infused at a rate of 0.4 pmol/kg/min, a dose previously established to be biologically active in humans (9, 16) . Vehicle infusions consisted of Gelofusine (Braun, UK), administered at the equivalent rate to the PYY infusion for each participant.
After an overnight fast starting at 10 pm on the night before each study visit, each participant ate a standardized 200 kcal breakfast (1 pot of Oat So Simple® porridge, Quaker Food Products, UK) at 6 am on the morning of each study visit. The participants arrived at the Clinical Research Facility at 8.15 am on the morning of each study visit. After a period of acclimatization, 2 intravenous cannulae (1 in each arm) were inserted (1 for blood samples and 1 to administer the infusion). Following baseline sampling, PYY or vehicle infusion was started at T = 0 minutes (9 am) and infused until T = 500 minutes. Visual analog scales (VASs, 0-10 cm), used to measure participants' self-reported nausea, were performed at T = -15 minutes, T = 240 minutes, and T = 470 minutes. Blood samples were taken at 10-minute intervals throughout the study (Fig. 1 ). Participants were not allowed to eat during the infusion until after T = 480 minutes.
Biochemical analyses
PYY was measured using an established in-house radioimmunoassay (17) . Serum insulin, plasma glucose, serum LH, serum FSH, and serum testosterone were measured in the Clinical Chemistry Laboratory of Imperial College Healthcare NHS Trust on the automated Abbott Architect® platform. Chemiluminescent immunoassays were used to measure serum insulin (intra-assay and interassay coefficient of variation (CV): ≤7%), serum LH (intra-assay and interassay CV: ≤5%), serum FSH (intra-assay and interassay CV: ≤10%), and serum testosterone (intra-assay and interassay CV: ≤8%). Plasma glucose was measured using a colorimetric hexokinase assay (intra-assay and interassay CV: ≤2%).
Statistical analysis
LH pulsatility was determined using blinded deconvolution analysis (18) . Longitudinal nonindependent data were analyzed with generalized estimating equations (GEEs). Paired t-tests were performed on parametric data and Wilcoxon matched pairs sign rank tests were performed on paired nonparametric data. STATA 14.1 (STATACorp, USA) and Prism 8.0.2 (GraphPad, USA) software were used to perform statistical analyses. P-values <.05 were considered statistically significant. Data are presented as mean ± standard error of the mean.
Results
Participants
Twenty-four healthy men were recruited, with 18 men (mean age 24.1 ± 0.9 years, mean BMI 22.2 ± 0.4 kg/ m 2 ) completing the study. Four men did not complete the study due to their other commitments and 2 were unable to tolerate the PYY infusion due to nausea. Data from the 18 men who completed the study are included in the analyses below.
Effects of PYY on LH levels
There was no significant difference between serum LH levels during PYY infusion and during vehicle infusion ( Fig. 2A) . Intravenous PYY infusion did not alter LH pulsatility (mean number of LH pulses/8 hours: 
Effects of PYY on FSH levels
Similar to LH, there was no significant difference between serum FSH levels during PYY infusion and during vehicle infusion (Fig. 2B) . Additionally, mean FSH (PYY 2.2 ± 0.2 IU/L vs vehicle 2.3 ± 0.2 IU/L, P = .48) and FSH AUC (PYY 1158 ± 513 IU.min/L vs vehicle 1199 ± 476 IU.min/L, P = .49) did not significantly differ between PYY and vehicle infusion.
Effects of PYY on testosterone levels
Consistent with the absence of an effect on LH and FSH secretion, intravenous PYY infusion did not alter serum testosterone levels during the 8-hour infusion, and diurnal variation in testosterone levels was unchanged by PYY (Fig. 2C) . Similarly, mean testosterone (PYY 19.8 ± 1.3 IU/L vs vehicle 21.1 ± 1.5 IU/L, P = .24) and testosterone AUC (PYY 10 485 ± 684 IU.min/L vs vehicle 11 133 ± 803 IU.min/L, P = .24) were unaffected by PYY infusion.
Effects of PYY on nausea and fullness
PYY infusion resulted in significantly higher circulating PYY levels than vehicle infusion (Fig. 3A) . PYY is known to cause nausea at biologically active doses (9) . Therefore, we assessed the effect of the PYY infusion on nausea. PYY infusion resulted in significantly higher self-reported nausea than vehicle infusion over the 8-hour study period peaking midinfusion (Fig. 3B) . However, the absolute nausea levels were low (ie, ~2/10 cm). Additionally, PYY infusion resulted in a smaller reduction in the feeling of fullness at T = 480 minutes compared with vehicle infusion (Fig. 3C) . (PYY) during one study visit and rate-matched vehicle infusion at a second study visit, in random order. Blood samples were taken at ten-minute intervals starting from 30 minutes before the infusion was started (ie, T = -30 minutes). Visual analog scales (VASs) were completed by the participants pre-infusion (T = -15 minutes), mid-infusion (T = 240 minutes) and prior to the end of the infusion (T = 470 minutes).
Discussion
This is the first study investigating the effects of PYY on the reproductive system in humans. Our study demonstrates that, an 8-hour infusion of 0.4 pmol/kg/min PYY does not alter LH pulsatility in healthy men and does not change circulating levels of LH, FSH, and testosterone. This is in contrast to rodent studies, where PYY administration (centrally or peripherally) had specific effects on reproductive hormone levels depending on pubertal status and route of administration as follows. Incubation of pituitaries from prepubertal rats with PYY results in increased LH and FSH secretion within 60 minutes (12) . However, incubation of PYY with hypothalamic fragments from prepubertal and adult rats results in reduced gonadotrophin-releasing hormone (GnRH) secretion (12, 13) . Central administration of PYY to prepubertal rats inhibited LH secretion but did not affect FSH secretion (12) . In contrast, intracerebroventricular administration of PYY increases LH and FSH in fed and fasted adult male rats, and co-administration of a GnRH antagonist abolishes these effects (13) . However, peripheral administration of PYY (via intraperitoneal injection) has no effect on LH secretion but increases FSH secretion in prepubertal male rats (12) .
It is possible that no effect on reproductive hormone secretion was detected in response to PYY administration in this study due to the peripheral route of administration. As outlined in the rodent studies above, central administration of PYY stimulates gonadotrophin secretion in adult male rats (13) , whereas peripheral administration has been shown to increase FSH (but not LH) in prepubertal male rats (12) .
The anorectic effects of PYY are thought to be mediated by agonism of the Y2 receptor (10, 19) . However, the effect of PYY on reproductive hormone secretion may not occur via the Y2 receptor. Central administration of a selective Y2 receptor agonist reduces LH and FSH secretion in adult male rats, while administration of a Y2 receptor antagonist increases LH and FSH secretion in adult male rats (20) . In contrast, central administration of PYY to adult male rats stimulates LH and FSH secretion (13) . In the present study, peripheral PYY administration increased nausea but had no effect on reproductive hormone levels. Therefore, Y2 agonism in healthy men does not modulate reproductive hormone secretion.
Although participants were instructed to fast overnight and eat a standardized breakfast (which was provided to them in advance), the overnight fast and consumption of the standardized breakfast were not monitored. However, this limitation is unlikely to have significantly influenced the results as all participants were closely monitored as fasting throughout the 8-hour infusion and no reproductive hormone changes were evident at any point.
In this present study, PYY administration did not alter LH, FSH, and testosterone levels in healthy (non-obese) men. Further studies are required to determine the effects of PYY on reproductive hormone secretion in obese people, ie, the target population for PYY-based therapeutic agents.
Conclusions
Although animal data suggest that PYY affects reproductive hormone secretion, our data demonstrate that in humans, acute administration of a biologically active dose of PYY does not have an adverse effect on LH pulsatility and does not alter levels of LH, FSH, and testosterone. This has important clinical and safety implications for the continuing development of PYY analogs for the treatment of obesity.
